The purpose of this study was to define the incidence, mechanisms, and management, including catheter ablation, of supraventricular tachycardia (SVT) in a large series of patients after orthotopic heart transplantation (OHT).
Background
Supraventricular arrhythmias are frequently encountered after OHT, but their characteristics in this population have not been well established.
Methods
We analyzed the incidence, clinical course, and management of SVTs in a cohort of 729 adult patients who underwent OHT. Furthermore, the mechanisms of arrhythmias among the patients referred for electrophysiological study (EPS) and ablation were also characterized.
Results
The most common arrhythmia was atrial flutter, which occurred in 9% of this cohort. Persistent or paroxysmal atrial fibrillation occurred in 7%, the majority (57%) in the perioperative period. Persistent or paroxysmal atrial fibrillation was observed in OHT patients, beyond the post-operative period, only in the presence of rejection or transplant vasculopathy. Other persistent or paroxysmal SVTs were seen in 47 stable OHT patients (7%). Of these, 24 patients (4%) underwent EPS. Accessory and dual atrioventricular nodal pathways in the donor heart caused SVT in 3 patients. Macro-reentrant atrial tachycardia was seen in 7 patients, and isthmus-dependent atrial flutter occurred in 14 patients.
Conclusions
The majority of SVTs in stable OHT patients can be attributed to macro-reentrant tachycardias (flutter and scar reentry). Catheter ablation is effective in management of these SVTs. Atrial fibrillation was never encountered in stable patients in our series, and its occurrence should prompt an evaluation for acute rejection and/or vasculopathy. The incidence, clinical course, and management of supraventricular tachycardias (SVTs) in orthotopic heart transplant (OHT) patients have not been well characterized. Transplanted hearts provide a unique model to study the management of these arrhythmias, because of the relative autonomic denervation and the pro-arrhythmic characteristics of surgical scars. Previous studies have reported atrioventricular nodal (AVNRT) and atrioventricular reentrant tachycardias (AVRT) in transplanted patients due to pre-existing accessory pathways and dual atrioventricular nodal physiology in the donor hearts (1) (2) (3) (4) (5) . Macroreentrant atrial tachycardias (ATs) from pro-arrhythmic substrates originating at surgical anastomotic sites have also been reported (6 -9) .
Atrial flutter (AFL) and atrial fibrillation (AF) are known to occur in patients with acute rejection, transplant vasculopathy, or in the immediate post-operative period (10 -13) . Whereas AFL has also been described in stable transplant patients (14 -18) , the mechanisms and occurrence of AF in patients without the aforementioned conditions are not clear. In fact, in 1 study, heart transplantation was an independent predictor of freedom from post-operative AF when compared with patients with other cardiac surgeries (19) . Nevertheless, a rare case of AF in the absence of rejection or vasculopathy has been described (20) .
The purpose of this study was to quantify the incidence of AF and AFL, to define the mechanisms of SVT in post-transplant patients, and to evaluate the role of catheter ablation.
Methods

Study cohort.
A total of 729 patients who underwent OHT between January 30, 1994, and January 1, 2006, at our center were screened. Retrospective review of patient data was approved by our Institutional Review Board. These patients were divided into 3 groups. The first group included patients with benign atrial premature complexes or transient SVT that resolved without intervention. The second included those with persistent or paroxysmal SVT occurring during the immediate post-operative period or concurrent with acute rejection or transplant vasculopathy, as documented by symptoms, right ventricular endomyocardial biopsy, echocardiography, and right and left heart catheterization. The third group, defined as stable OHT patients, included those with recurrent persistent or paroxysmal SVT without clinical signs or symptoms of rejection or severe vasculopathy, defined as at least 1 coronary artery with Ͼ70% stenosis. The second and third groups were the primary focus of this study, and the third group served as the population in whom the underlying mechanism of their arrhythmia was confirmed via electrophysiological study (EPS). Patients with AF and AFL had biopsies performed to rule out rejection. All patients received triple-drug immunosuppression therapy with systemic steroids, cyclosporine or tacrolimus, and mycophenolate mofetil or rapamycin. Patients who died in the immediate post-operative period were excluded. Anti-arrhythmic therapy. All patients with confirmed persistent or paroxysmal SVT were initially treated with cardioversion and antiarrhythmic drugs, including betablockers, sotalol, or amiodarone. Of these patients, 24 had persistent drug-resistant SVTs; they were referred for EPS and radiofrequency catheter ablation and therefore had the underlying mechanism of their arrhythmias identified. AF and AFL in OHT patients. Because AF was not seen in any patient with SVT referred for EPS and AFL was the most common arrhythmia initially identified, a detailed chart review of all 729 patients transplanted between January 30, 1994, and January 1, 2006, was performed to quantify the incidence of these arrhythmias. Patients who died in the immediate post-operative period and those Ͻ18 years of age were excluded. For the remaining 657 patients, all clinic notes, electrocardiograms, echocardiograms, cardiac catheterization reports, stress tests, and Holter monitors were carefully reviewed for evidence of AF as well as AFL. Atrial fibrillation was defined with the American College of Cardiology/American Heart Association criteria (21) . Heart rate variability (HRV) analysis. To better delineate the mechanism potentially underlying paroxysmal or persistent AF in stable OHT patients, a retrospective review of transplant patients with HRV data available on 24-h Holter monitoring was performed. Patients with Holter monitors manifesting significant supraventricular or ventricular arrhythmias were excluded. Sixteen Holter monitors remained, and these were analyzed for HRV parameters, specifically standard deviation of all normal sinus RR intervals over 24 h (SDNN), standard deviation of the averaged normal sinus RR intervals for all 5-min segments (SDANN), SDNN index, and root-mean-square of successive normal sinus RR interval difference (RMSSD), and compared with age-and gender-matched references previously standardized in published reports. EPS. Informed consent was obtained from all patients to undergo an EPS and possible radiofrequency ablation (RFA). Multipolar mapping catheters were inserted through femoral veins. Endocardial electroanatomic (CARTO, BiosenseWebster, Diamond Bar, California) or NavX (St. Jude Medical, Minnetonka, Minnesota) and entrainment mapping were performed during EPS. Scar was defined as myocardial regions with local electrograms Ͻ0.05 mV and/or regions where electrical capture could not be demonstrated. Viable muscle was defined as regions with local electrograms Ͼ0.05 mV. Areas of native myocardium were specially tagged as gray zones on the electroanatomic map. The presence of macro-reentrant tachycardia was established by standard criteria that included: induction by pacing, pace-termination, entrainment, and noninducibility after ablation of the slow-conducting isthmus. Catheter ablation. Four-or 8-mm-tip catheters (BiosenseWebster) were used for RFA in 22 patients. Two patients had ablation performed with a 3.5-mm-tip open irrigated catheter. Successful RFA was defined as termination of SVT and noninducibility by pacing. Atrioventricular valve isthmus ablation on the right side involved creation of a bidirectional line of block between the tricuspid valve-inferior vena cava isthmus. The ablation for left-sided isthmus-dependent flutter involved creation of a line between the mitral annulus and the region of the suture site close to the left inferior pulmonary vein (these lines were not validated by pacing maneuvers). Sites of ablation were defined by electroanatomic mapping. Statistics. The SAS software (version 9.1, SAS Institute, Cary, North Carolina) was used for all statistical analyses. Each variable was checked for normality of distribution with the Shapiro-Wilk test, although none required transformation. Values are presented as mean and SD for demographic variables. A 1-sample t test was used to compare clinical variables with standardized references based on published means, SEMs, and SDs of healthy individuals (22, 23) . p values Ͻ0.05 were considered significant.
Results
AF and AFL in stable OHT patients.
Of the 729 patients, 152 (23.1%) had died by January 1, 2006, and 24 of these (3.3%) died in the immediate post-operative period. Forty-four patients transferred care to other medical centers or were lost to follow-up. In the 657 adult patients who had not died in the post-operative period, the mean and median follow-up were 6.6 and 4.1 years, respectively. In 4,299 person-years of follow-up, 46 patients (7.0%) presented with AF. Of these, 26 patients (4.0%) had AF in the post-operative period, 16 patients (2.4%) had AF associated with acute rejection, 3 (0.5%) patients had AF associated with severe transplant vasculopathy, and 1 patient had AF associated with severe sepsis. In the absence of the aforementioned conditions, paroxysmal or chronic AF was not encountered ( Fig. 1 ). In comparison, 60 patients (9.1%) presented with documented AFL. Of these, 16 patients (2.4%) had AFL in the post-operative period, 17 (2.6%) had AFL associated with acute rejection, 2 (0.3%) with severe vasculopathy, 1 with infection, and 1 in the setting of pulmonary emboli. Twenty-three stable patients presented with documented AFL without evidence of rejection or vasculopathy (Fig. 1) . Therefore, the incidence of AFL not associated with the aforementioned conditions (cardioverted, treated medically, or with catheter ablation) was 3.5% during the same follow-up period. No patient was referred for ablation of AF, whereas 2.1% of the cohort (i.e., 43% of those presenting with AFL) required EPS and ablation for successful treatment of their arrhythmias.
Patients with post-operative AF associated with allograft rejection or vasculopathy were cardioverted, and the underlying rejection or vasculopathy was treated. Patients who were chemically cardioverted-either in the perioperative period or after successful treatment of allograft rejection, vasculopathy, or infection-had their anti-arrhythmic drug therapy discontinued within 3 months of discharge. None of these patients had recurrence of their arrhythmia during follow-up, unless in association with repeat acute rejection or severe transplant vasculopathy. HRV analysis. In this cohort, 34 Holter recordings were available for analysis. Of these, 4 were excluded secondary to multiple episodes of documented supraventricular and ventricular arrhythmias. Of the remaining 30, HRV data were available on 16 patients (10 men, 6 women, age 55 Ϯ 16 years). The overall as well as the gender-based mean SDNN, SDANN, SDNN index, and RMSSD were compared with healthy age-and gender-matched historical control subjects (Table 1) . Compared with age-(40 to 60 years) and gender-matched healthy adult references previously reported, SDNN, SDANN, and SDNN index were significantly depressed (22) (23) (24) . Furthermore, the depression of HRV parameters was in the moderate-to-severe range, when compared with adults with coronary artery 
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Incidence of SVT in a stable heart transplant cohort. Of the 729 patients, we identified 47 adult OHT patients with paroxysmal, persistent, or chronic SVT (7.1%) who were not in the immediate post-operative period and whose arrhythmia was not complicated by acute rejection, vasculopathy, or sepsis. No patient presented with AF. Atrial flutter was the most common arrhythmia identified in the overall cohort, with 23 of 47 patients having documented AFL. Of the 47 patients with SVT, 24 (49%) had SVT refractory to medical therapy and required EPS and ablation for treatment, whereas the remaining patients were successfully treated either with medical therapy or cardioversion. The summary of mechanism of the arrhythmias found in the group referred to EPS is shown in Figure 2 . Fourteen (58%) presented with palpitations, 7 (29%) with symptoms of heart failure (i.e., fatigue, shortness of breath, paroxysmal nocturnal dyspnea, edema), and 3 (13%) were asymptomatic. Patient characteristics are listed in Table 2 . Arrhythmias documented during EPS. Of the 47 stable patients with SVT, 24 underwent EPS and ablation. The mechanism of arrhythmias noted in these patients were: isthmus-dependent right or left AFL (n ϭ 14); macroreentrant intra-atrial tachycardia (n ϭ 7; left atrial ϭ 1, right atrial ϭ 6); accessory pathway mediated tachycardia: atrioventricular reentry (AVRT) (n ϭ 2); and atrioventricular nodal reentrant tachycardia (AVNRT) (n ϭ 1) ( Table  2 , Fig. 2 ). Of note, 1 patient had 2 right atrial tachycardias and 1 left atrial tachycardia documented at the time of EPS. Persistent or paroxysmal AF was not identified in any stable post-transplant patient. AVNRT. One patient with AVNRT had recurrent palpitations and poor response to beta-blockers. Electrophysiological study confirmed AVNRT. Radiofrequency modification of the slow atrioventricular nodal pathway was curative. AVRT. Two patients had clinical tachycardia with AVRT as the underlying mechanism. There were no baseline electrocardiograms available from the donor hearts before
Heart Rate Variability Parameters All parameters are given as mean Ϯ SD. *Significantly depressed, p Ͻ 0.05, parameters in orthotopic heart transplant (OHT) patients compared with the healthy reference population. RMSSD ϭ root-mean-square of successive normal sinus RR interval difference; SDANN ϭ SD of the averaged normal sinus RR intervals for all 5-min segments; SDNN ϭ SD of all normal sinus RR intervals over 24 h; SVT ϭ supraventricular tachycardia.
Figure 2 Classification of SVT in Stable OHT Patients
Incidence of the different types of drug refractory supraventricular tachycardia (SVT) in this cohort of orthotopic heart transplant (OHT) patients who underwent electrophysiological study (EPS) is shown. Note that isthmus-dependent atrial flutter was the most commonly observed SVT, followed by scar-related macro-reentrant tachycardia. AT ϭ atrial tachycardia; AVNRT ϭ atrioventricular nodal reentrant tachycardia; AVRT ϭ atrioventricular reentrant tachycardia. AVNRT ϭ atrioventricular nodal reentrant tachycardia; AVRT ϭ atrioventricular reentrant tachycardia; EPS ϭ electrophysiological study; OHT ϭ orthotopic heart transplant.
Patient Characteristics of Stable OHT Patients Referred for EPS
transplantation. The EPS confirmed their diagnoses, with 1 left-sided accessory pathway arising from the inferior aspect of the mitral annulus, requiring transseptal puncture for ablation, and 1 right-sided accessory pathway that was diagnosed after ablation of AFL in the same patient. Radiofrequency ablation was curative in both cases. AT. Six patients were identified as having scar-related right atrial reentrant tachycardia with electroanatomical mapping. In all 6 cases, the reentrant circuit was identified at the upper right atrium, around the native and donor anastomotic suture line. Ablation along the suture line was curative in our patients. One of these patients had 2 right atrial and 1 left atrial tachycardias. The focus of 1 of the scar-related macro-reentrant right atrial tachycardias was successfully ablated with a plan to perform a second ablation if symptoms recurred. However, no further episodes of tachycardia were noted after the first ablation. A second patient had macro-reentrant tachycardia in his native right atrium with breakthrough conduction into the donor heart. The RFA was also curative. One patient had macroreentrant left atrial tachycardia around the donor left atrial cuff. The RFA at the slow conduction site of the reentrant circuit resulted in a cure of the tachycardia (Fig. 3) . Isthmus-dependent AFL. A total of 14 patients were identified as having isthmus-dependent AFL as the underlying mechanism of their SVT. Six occurred in patients with bi-atrial anastomosis, and 8 occurred in patients with bicaval anastomosis. In 12 patients the reentrant circuits were tricuspid isthmus-dependent, and in 2 patients the reentrant circuits were in the left atrium around the mitral annulus, as confirmed by electroanatomic and entrainment mapping (Figs. 4 and 5) . Regardless of the type of anastomosis, 12 of the 14 patients had tricuspid isthmus-dependent AFL. One patient with bi-atrial anastomosis had incessant AFL of the native right atrium with variable conduction to the grafted atrium. In the EP laboratory, the flutter was found to use 2 focal sites at the proximal and distal anastomosis for conduction into the graft atrium, which became 1:1 with isoproterenol infusion. Ablation at these 2 focal sites terminated the tachycardia. Although RFA was effective in all of these patients, 2 patients had a recurrent tachycardia (recurrent right AFL and right atrial macro-reentrant tachycardia), requiring a second EPS and ablation. One patient had associated left ventricular dysfunction with a decrease in ejection fraction from 50% to 55% at baseline to 30% to 35%. This subsequently improved after ablation of AFL.
Discussion
Major findings. This is the largest published study to date on the mechanism of arrhythmias in patients who have undergone heart transplantation. Atrial flutter was the most 
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Catheter Ablation in Post-Transplant Hearts common arrhythmia identified, regardless of clinical setting. No cases of paroxysmal or chronic AF were seen in our cohort of transplant patients in the absence of vasculopathy, rejection, severe infection, or the acute post-operative period. Supraventricular tachycardia occurred in 47 stable patients (7.1%) and required an EPS and catheter ablation in 24 patients (3.7%). The most common mechanism of arrhythmia in stable patients was isthmus-dependent AFL (58%) followed by scar-related AT (29%).
AF. Atrial fibrillation in the transplant population is highly debated both in terms of onset and maintenance. Our current report suggests persistent AF is extremely rare in stable OHT patients. Three broad mechanisms have been associated with the initiation and maintenance of AF: 1) rapidly discharging triggers or foci, especially from the thoracic veins; 2) the autonomic nervous system, which might promote electrophysiological heterogeneity; and 3) substrate abnormalities promoting wavelet reentry. Interestingly, cardiac transplant patients by definition have complete surgical isolation of their pulmonary veins. Furthermore, they essentially lack cardiac innervation, which was further corroborated by HRV data in our population showing significantly depressed parameters. This supports both the autonomic and/or the pulmonary vein trigger hypothesis for genesis of AF. Transient episodes of AF have been reported in OHT patients in the immediate post-surgical period who were on vasopressors and had an altered hemodynamic and neurohormonal state. These episodes were also observed in our cohort of 729 patients. However, once cardioverted, these patients were not at an increased risk of developing persistent or chronic AF during follow-up. Furthermore, compared with historical control subjects in whom the incidence of postoperative AF ranges from 20% to 50% (19, 25, 26) , the incidence of post-operative AF was extremely low (4%) in our OHT population, suggesting that heart transplantation with its denervation and pulmonary isolation might have a protective role in preventing post-operative AF. Substrate abnormalities, such as myocarditis, abnormal hemodynamic status, and inflammation, can cause direct electrophysiological alteration of the atrial myocardium, atrial stretch, and interstitial fibrosis, permitting and promoting wavelet reentry. A prior study performed at our institution reported that patients experienced episodes of AF long after their transplants, but these episodes were associated with rejection or ischemia related to severe transplant vasculopathy, altering the normal atrial substrate (10) .
It has been suggested that long-term cardiac transplant recipients develop sympathetic and parasympathetic reinnervation (27, 28) . It is well known that vagal tone and acetylcholine shorten activation recovery intervals, potentially playing a role in the genesis of AF (29, 30) . Atrial fibrillation in stable OHT patients has also been reported in 3 cases. Although the mechanism of the underlying AF in these reports was unclear, all 3 patients were affected 5 to 10 years after transplantation, suggesting a role for parasympathetic reinnervation (20) . Furthermore, all were successfully cardioverted without recurrence.
Transplantation could also potentially reduce the likelihood of AF by resulting in a reduction of the "critical mass" of atrial myocardium required for the maintenance of the arrhythmia (31, 32) .
AVRT AND AVNRT AFTER TRANSPLANTATION. Although adult cases involving accessory pathways in post-OHT patients have been documented in published reports (3) (4) (5) , only 2 cases reported a donor arrhythmia on electrocardiography, 1 SVT and another unspecified. In the remaining cases, as in our 2 patients, there was no prior knowledge of pre-excitation in the donor heart, on the basis of the pre-operative electrocardiography. Furthermore, although more than one-half of the reported cases required ablation within 1 month, RFA was curative in all cases. Cases of AVNRT reported in post-OHT patients are rare (1, 2, 5) . Once again, RFA with slow pathway modification was effective at treating AVNRT in all cases.
SCAR-RELATED AT. Surgical scars at atrial suture lines can create areas of slowed conduction predisposing to atrial tachycardia (33) . This in part prompted the development of bicaval anastomosis, which is now a more widely used technique for OHT, resulting in a significant reduction of atrial arrhythmias after OHT (33, 34) . In our study 6 of the 7 ATs ablated-5 in right atrium and 1 in left atrium-were related to scar formation with the reentrant circuit involving the isthmuses created by surgical suture lines. Electroanatomic mapping helped to determine the boundary and circuit in these tachycardias. Entrainment mapping was performed to identify critical isthmuses and successful ablation.
ATRIOVENTRICULAR VALVE ISTHMUS-DEPENDENT TACHY-
CARDIA. Atrial flutter can be encountered in OHT patients in the immediate post-transplant period and during acute rejection; it has been shown that patients with acute rejection and severe transplant vasculopathy have lower left ventricular ejection fractions, increased left ventricular enddiastolic pressures, right atrial enlargement, and decreased tricuspid valve deceleration times, potentially contributing to the initiation and persistence of atrial arrhythmias (10, 11) . However, both clockwise and counterclockwise AFL also occur in post-transplant patients without symptoms and signs of acute rejection and normal left ventricular function (14 -18). Bicaval anastomosis essentially preserves the integrity of the right atrium and avoids the formation of right atrial scars, placing them instead in areas with negligible arrhythmogenicity (34) . It has been suggested, therefore, that bicaval anastomosis reduces the risk of AFL post-transplantation when compared with atrio-atrial anastomosis (33) . However, in our study, although this technique prevented reentry around the right atrial scar, it did not prevent tricuspid isthmus-dependent typical AFL from occurring. In fact, tricuspid isthmus-dependent AFL was the most common type of flutter, similar to nontransplanted patients. Eight of 14 patients with tricuspid-dependent AFL in our study had bicaval anastomoses. This is the first time this type of flutter has been reported in this group of patients. Given the size of our study, the prevalence of AFL in these patients in comparison with the general OHT population cannot be determined. However, the incidence of flutter in this transplanted population stayed the same regardless of the type of anastomosis. Study limitations. Despite extensive review of patient charts, electronic documents, 24-h Holter monitors, echocardiograms, cardiac catheterizations, and electrocardiograms, it is possible that certain paroxysmal episodes of arrhythmia were not documented, and thus the incidence of arrhythmias depicted underestimates their impact. However, given regular and close monitoring of all of our cardiac transplant patients, we believe we have captured the large majority of the burden of arrhythmias requiring any form of intervention or treatment.
Conclusions
This is the largest study to date reporting the incidence and associated clinical setting of AFL and AF in a cohort of 729 cardiac transplant patients. Atrial flutter was the most common arrhythmia observed, regardless of clinical condition. Atrial fibrillation was seen in patients with severe vasculopathy, acute rejection, sepsis, or in the post-operative period. However, paroxysmal or chronic AF was not encountered in stable transplant patients, suggesting the existence of different mechanisms for AF under specific clinical conditions. This study also confirms earlier findings that pre-existing substrates (accessory pathways and dual atrioventricular nodal physiology) can cause SVT in the transplanted heart and can be treated effectively by RFA. Furthermore, surgical scars are central to AT and can cause arrhythmias in the transplanted heart. Bicaval anastomosis might reduce scar-related AT, but atrioventricular valve isthmus-dependent AFL can still occur in these patients.
